An investigation was conducted to determine the microstructures and tensile properties of an ultrafine-grained (UFG)Al-Zn-Mg alloy which was processed by equal-channel angular pressing (ECAP) for 1 and 4 passes at 423 K followed by heat treatments at 393 K for 5 or 20 h.
Introduction
Age-hardenable 7000-series alloys, Al-Zn-Mg-(Cu), are used extensively in the aerospace, automobile and construction industries as they possess high strength to density ratios together with good fracture toughness [1, 2] . In these precipitation-strengthened Al alloys, many small and uniformly distributed precipitates, mainly of GP zones and η', act as obstacles to dislocation motion and thereby strengthen the materials [3] [4] [5] . Nevertheless, there remains much interest in further improving their mechanical behavior. An effective approach for enhancing the properties is to develop Al alloys with ultrafine-grained (UFG) microstructures through the application of severe plastic deformation (SPD) processes such as equal-channel angular pressing (ECAP) [6, 7] .
However, materials processed by ECAP generally exhibit improved strength but only limited ductility at ambient temperature [8] [9] [10] .
Several reports suggest that further improved properties may be achieved in Al alloys through post-ECAP heat treatments [11] [12] [13] [14] [15] [16] [17] . In some experimental conditions, enhanced strength and improved ductility can be achieved simultaneously by a combination of ECAP processing with appropriate post-ECAP heat treatments [13] [14] [15] [16] [17] . For example, the ultimate strength of a 7050 alloy was ~150 MPa higher than in conventional 7050 alloys with a good ductility of ~ 15% elongation after ECAP processing for 5 passes and post-ECAP heating at 393 K for 16 h [16] .
These enhanced mechanical properties were attributed to the fine grains, high density of dislocations and the fine precipitates homogeneously distributed in the UFG matrix produced by the post-ECAP annealing. Another study examined the effect of heat treatment on the tensile properties of a 7075 alloy before and after ECAP and the results showed the yield strength increased by 120% after 1 pass of ECAP and there was an additional increase in strength by 7% together with a ductility improvement after a combination of 1 pass of ECAP and post-ECAP aging at 373 K for 30 h [17] . Very limited information is available to date on the influence of post-ECAP heat treatments on the mechanical properties and microstructures of Al-Zn-Mg alloys but nevertheless the available data suggest that only an appropriate post-ECAP heat treatment provides both improved strength and ductility [16] [17] [18] . For example, a 7075 alloy was processed by ECAP for 1-3 passes at 393 K followed by heat treatments at 393 K for different times and the peak microhardness values were achieved after aging treatments of 9 h after 1 and 2 ECAP passes but only 6 h after 3 ECAP passes due to the increased volume fraction of η' [18] .
A review of the available data shows that an optimization of strength and ductility may be achieved in 7000-series Al alloys through processing by ECAP and then aging in the post-ECAP condition [11-13,17-21] but information is not available on the effect of post-ECAP heat treatments on the microstructure and tensile properties of an alloy subjected to initial precipitation-strengthening by a T6 treatment (solid solution treatment and peak aging) prior to ECAP. Accordingly, this research was initiated to examine whether further microstructural evolution and improvements in tensile properties may be achieved by processing by ECAP and using post-ECAP heat treatments in an alloy initially precipitation-strengthened with a T6 treatment.
Experimental material and procedures
The experiments were conducted using an Al-Zn-Mg alloy having a chemical composition, in wt. %, of Al-4.53 Zn-2.52Mg-0.35Mn-0.2Cr-0.11Cu-0.1Zr which was received in a T6 state after solution treating at 743 K for 1 h and further aging at 393 K for 24 h. Billets of the asreceived material with diameters of 9.8 mm and lengths of 65 mm were processed by either 1 or 4 ECAP passes using a solid die having an internal channel angle of 90° and an outer arc of curvature of 20° without a back-pressure. These angular values impose an equivalent strain of ~1 in each pass [22] and the ECAP processing was performed at 423 K with a deformation speed of 2 mm/s using route B c where the billet is rotated by 90⁰ in the same sense between each pass. ECAP samples were heated in the die entry channel for 5 minutes homogenization before pressing. A Crown anti-seize compound 9105 was used as a lubricant to reduce the friction between the die and the sample.
Following ECAP, samples were subjected to heat treatments at 393 K for 5 or 20 h using a forced convection furnace and then cooled in air. For convenience, the sample nomenclatures are presented in Table 1 together with the corresponding processing parameters.
The tensile testing was carried out at room temperature (~298 K) at an initial strain rate of 1.0 × 10 -3 s -1 using an Instron testing machine with the strain and strain rate measured using optical sensors. Planar dog-bone tensile samples were machined with nominal gauge dimensions of 10 × 2 × 1.3 mm 3 and polished with a finishing grit of grade 2000 SiC paper to remove any defects before testing. At least two samples were tested for each condition to verify reproducibility. The microstructures were characterized by transmission electron microscopy (TEM) using an F20 Field Emission microscope operating at 200 kV. Samples for TEM were prepared by mechanical grinding using grit papers with different particle sizes ranging from 1000 to 5000 mesh followed by thinning to electron transparency using a Gatan Dual Ion Milling System.
Experimental results

Tensile behavior
The tensile true stress-true strain curves for the as-received, the ECAP-processed and the post-ECAP heat-treated Al-Zn-Mg alloy are shown in Fig.1 and the main tensile properties derived from these curves with standard deviations are summarized in Table 2 . These results reveal that the as-received material has the lowest yield strength but the highest ultimate strength due to its superior work hardening capability and good ductility. After ECAP processing for 1 pass, the yield strength increases but the ductility is notable reduced. Increasing to 4 passes, the yield strength further increases and also the ductility increases.
Post-ECAP heat treatments are advantageous for improving both the yield strength and the ductility of the ECAP-processed alloy as also shown in Fig optimized balance between strength and ductility in this alloy.
Microstructural characteristics
The microstructures of the as-received alloy and the alloy after processing by ECAP for 1 and 4 passes were examined and characterized in earlier reports [23, 24] . These results showed the microstructure after 1 pass of ECAP was an elongated dislocation cell structure with a few platelet precipitates of ~120 nm and numerous fine spherical precipitates including some GP zones as well as η' and a few η phases. After further processing to 4 passes, the microstructure displayed equiaxed grains having a size of ~200 nm distributed with predominantly η' and η phases and some limited retained GP zones. The precipitates introduced prior to ECAP by the T6 treatment can speed up the grain refinement during ECAP and increase the dislocation density by pinning dislocations [25] [26] [27] .
For the present research, typical micrographs of the alloy processed by post-ECAP heat treatments are shown in Fig. 2 . Inspection of Fig. 2(a) shows the microstructure of the 1P-5 sample has nearly equiaxed grains which evolved from the elongated dislocation cell structure after ECAP processing for 1pass [23] . It is apparent that the evolution is incomplete after postheating at 393 K for 5 h because the elongated boundaries are not well-defined. Also, many dislocations and dislocation tangles are present in Fig.2 {111} Al , respectively [28] . The size of the spherical precipitates within the grains is in the range of ~8-50 nm while a few plate-like precipitates, mainly distributed along the grain boundaries, have average lengths of ~90 nm.
Diffraction along <111> Al in Fig. 3(b) shows that the main precipitates in the microstructure of the 1P-20 sample are η' along {011} Al , {201} Al , {202} Al and {402} Al while several spots of η along {110} Al are also observed [29, 30] . In addition, the T phase along {013} Al [29, [31] [32] [33] [34] [35] .
Furthermore, the E phase has spots along {123} Al and the T phase along {113} Al . By comparison with the 4P-5 sample, 4P-20 has larger quantities of finer precipitates with sizes ranging from ~6-75 nm uniformly distributed in the matrix and with an increase in the numbers of platelets and lath-like precipitates with average lengths of ~120 nm lying along grain boundaries and dislocations. Two η' and one η parallel to (440), which is being nucleated from η' parallel to (224), can be observed in the HRTEM image inserted in Fig.3(d) . Comparing Fig 3(d) with the HRTEM micrograph in Fig 3(b) , it is apparent that the numbers of fine η' precipitates in the matrix of the 4P-20 sample are lower than in the 1P-20 sample.
A grain boundary precipitation of platelet phases in the 1P-5 sample is visible in Fig. 4(a) with fine spherical precipitates within the grains separated by a PFZ having a width of ~ 100 nm.
The formation of a PFZ is generally attributed to either vacancy depletion or solute depletion.
Thus, vacancy depletion takes into account the effects of vacancy sinks which lead to retarded precipitation around the grain boundaries compared with the grain interiors [36] whereas, by contrast, solute depletion takes into account the depleted solute concentrations near the grain boundaries [37] . Furthermore, the precipitates are predominantly η' at {111} Al with weak spots of η along {111} Al as displayed by the SAED pattern along <112> Al inserted in Fig.4 (a) [28, 30] .
The η' phases of ~45 nm in length exhibit plate-like morphology nucleated along the grain boundaries in the 1P-5 sample as shown in Fig. 4(b) . Furthermore, the PFZ almost disappears after increasing the heating time to 20 h as shown in Fig.3(b) because the longer holding time permits the diffusion of solutes in the grain boundary area and they eventually precipitate during the heat treatment [38] .
Much overlapping of larger precipitates may be observed in Fig.3 and for a more detailed assessment of these features the HRTEM images in assume that the overlapping is due to the growing together of adjacent precipitates of the T and E phases.
Discussion
The strengthening after ECAP processing
In order to understand the contributions of different mechanisms to the strength of Al-ZnMg alloys, it is necessary to examine separately several different strengthening processes. These mechanisms are (i) work-hardening due to the interactions of dislocations, (ii) grain boundary strengthening, (iii) solid solution hardening and (iv) precipitation strengthening [39] [40] [41] [42] In practice, the influence of solid solution strengthening may be neglected because the Al alloy was subjected to an aging heat treatment (T6) before the ECAP processing [40] .
In earlier research it was shown that ECAP processing leads to successful refinement of the coarse grains into ultrafine grains with the presence of a high density of dislocations within these grains [23] . Consequently, following the Hall-Petch relationship [43] , it was demonstrated that grain refinement through ECAP processing was the major contributor to the high yield strength [43, 44] . However, due to dislocation tangles and networks within the grains which impede dislocation motion [11] , the large numbers of dislocations in the 1P and 4P samples are expected to make a significant contribution to the strength enhancement of the ECAP-processed alloy. In addition, precipitates may obstruct dislocation motion by either the Orowan bypass or shearing mechanisms [40] . During ECAP, the results show that the precipitates in the as-received material with sizes of ~120 nm are fragmented into fine spherical precipitates and this increases the overall fraction of precipitates in the alloy and leads to further strength enhancement [23] .
4.2The strengthening after ECAP and post ECAP heat treatments
The results of tensile testing show that the post-ECAP heat treatments are very advantageous in improving both the yield strength and the ductility of the Al-Zn-Mg alloy.
Different types of precipitates are present after the post-ECAP heat treatments at 393 K for [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] h and the results demonstrate that the combined effect of fine scale precipitation coupled with grain boundary strengthening increases the yield strength without significantly compromising the ductility. In addition, heating at 393 K produces a limited reduction in the numbers of dislocations and no concomitant grain growth. Thus, grain boundary strengthening and dislocation strengthening make contributions after the heat treatment and this contrasts with the ECAP-processed Al alloy. It is also the reason for the low work hardening rate in the post-ECAP heat treated materials.
The differences in strength after ECAP processing for different numbers of passes and subsequent post-ECAP heat treatments at 393 K for different times are attributed directly to precipitate evolution. Following Deschamps and Bréchet [45] , if all precipitates are sheared the strength may be calculated using either Friedel statistics [46] or Kocks statistics [47] where
and
whereas if all precipitates are by-passed the yield strength is then expressed by
where F P  and K P  are the yield strength increments using the Friedel and Kocks models, respectively, K is an adjustable parameter characteristic of the mechanism,  is a constant, M is the Taylor factor, μ is the matrix shear modulus, b is the Burger vector, is the particle volume fraction and R is the mean radius.
According to equations (1)- (4), an increase in the volume fraction of fine precipitates will produce a further impediment to dislocation motion [39] . The results displayed in Fig.1 and Table 2 show that the strength of the 1P-5 sample is higher than for 1P and this is due to the increased volume fraction of fine precipitates where these are mainly GP zones and η'
precipitates. Increasing the heating time to 20h for the 1P samples leads to a transformation of additional GP zones into ultrafine η' so that additional and finer precipitates of η' are present. The large numbers of semi-coherent nano-sized precipitates shown in Fig.3(b) increases the volume fraction, f v, and these precipitates pin the dislocations effectively leading to an improved strength [40, 48] . Trapping dislocations by these fine precipitates also leads to a uniform elongation due to sustained work hardening and this gives an improvement in the overall ductility [49] . As a result, the 1P-20 samples display the optimized balance between strength and ductility by comparison with all other samples.
Similar to the 1P-20 samples, increasing the heat treatment time of the 4P samples from 5 to 20 h leads to an increase in the numbers of fine precipitates and consequently to an enhanced strength compared to the 4P-5 sample. Nevertheless, inspection of Table 2 shows that the strength of the 4P-20 sample is slightly lower than the 1P-20 sample and this is attributed to a transformation of η' to η as the higher dislocation density and finer grains in the 4P sample accelerate this transformation during heating [23] . In addition, the platelet T and E phases observed after the post-ECAP heat treatments are incoherent with the Al matrix as verified by HRTEM so that the operative strengthening process is the Orowan bypass mechanism [40, [50] [51] .
It is evident that these platelet precipitates are coarser in size and display a low volume fraction, as shown in Fig. 3 . Therefore, based on equations (3) and (4), it is estimated that the strength increment from dislocation bypassing from platelet precipitates makes only a small contribution to the strengthening of the material after the post-ECAP heat treatments.
As already noted, PFZ may be formed by vacancy or solute depletion and the presence of coarse η' precipitates along the grain boundaries in Fig. 4 are attributed to a decreased saturation of solute atoms [37, [52] [53] . Therefore, the main mechanism of PFZ formation in the 1P-5 sample is from solute depletion near the grain boundaries. Increasing the numbers of ECAP passes leads to an increase in solute segregation at boundaries [53] but there is no evidence for PFZ near the grain boundaries in the 4P-5 samples. The PFZ has a size of ~100 nm in the 1P-5 sample and this may decrease the elongation of the material because these zones are relatively softer than the matrix and easily form preferential deformation areas which ultimately lead to stress concentrations and premature failure along the grain boundaries [54] . Accordingly, the Al-Zn- 
